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10 [1] The newly reprocessed solar backscatter ultraviolet (SBUV) and Total Ozone
11 Mapping Spectrometer (TOMS) version 8 data from 1979 to 2003 are used to estimate the
12 seasonal cycle, latitude dependence, and long-term trends in ozone averaged over the
13 Pacific region (120�W to 120�E) in three broad layers of the atmosphere: upper
14 stratosphere (32 hPa and above), lower stratosphere (32 hPa to tropopause), and the
15 troposphere. The ozone amount in these layers is derived by first determining stratospheric
16 column ozone in the Pacific from TOMS using deep convective clouds, which are
17 numerous in the region. Tropospheric column ozone (TCO) for the Pacific is then
18 determined by taking the difference between total column ozone and stratospheric column
19 ozone. This ‘‘cloud-slicing’’ technique is extensively tested from the tropics extending to
20 ±60� latitude using stratospheric ozone data from the Stratospheric Aerosol and Gas
21 Experiment II instrument. The validity of the cloud-slicing technique in obtaining TCO is
22 also tested using data from ozonesondes over a wide range of latitude. SBUV ozone
23 profiles are used to measure upper stratospheric column ozone for the Pacific region.
24 Lower stratospheric column ozone is then derived from the difference between
25 stratospheric column ozone and upper stratospheric column ozone. This process yields a
26 unique 25-year record of Pacific mean ozone in three atmospheric layers covering all
27 latitudes and seasons. The analysis of the data shows that the seasonal cycles, latitude
28 dependence, and trends in these layers are substantially different. Over the 25-year record
29 most ozone depletion has occurred in the lower stratosphere below �25 km altitude. In
30 middle and high latitudes, ozone losses are 3–4 times larger in the lower stratosphere
31 compared with the upper stratosphere, even though the ozone amounts in the two regions
32 are about the same. For the troposphere, TCO shows a statistically significant upward
33 trend in the midlatitudes of both hemispheres but not in the tropics.

34 Citation: Ziemke, J. R., S. Chandra, and P. K. Bhartia (2005), A 25-year data record of atmospheric ozone in the Pacific from Total

35 Ozone Mapping Spectrometer (TOMS) cloud slicing: Implications for ozone trends in the stratosphere and troposphere, J. Geophys.

36 Res., 110, XXXXXX, doi:10.1029/2004JD005687.

38 1. Introduction

39 [2] In recent years the convective cloud differential
40 (CCD) method has been used extensively to derive strato-
41 spheric column ozone (SCO) and tropospheric column
42 ozone (TCO) in the tropics using Total Ozone Mapping
43 Spectrometer (TOMS) version 7 data [e.g., Ziemke et al.,
44 1998; Chandra et al., 2002]. These data, together with
45 similar data derived from combined TOMS and Upper

46Atmosphere Research Satellite (UARS) Microwave Limb
47Sounder measurements, have been used to characterize
48variabilities in SCO and TCO from monthly to long-term
49trends, including (1) intraseasonal, interannual, and decadal
50changes associated with the Madden-Julian Oscillation,
51quasi-biennial oscillation (QBO), El Niño, La Niña, and
52solar cycle [Chandra et al., 1998, 1999; Ziemke and
53Chandra, 1999, 2003a, 2003b], and (2) the relative influ-
54ence of dynamics and chemistry on TCO in the tropical
55region with special reference to the 1997 El Niño [Chandra
56et al., 2002, 2003]. The CCD method is a special case of the
57general cloud-slicing method [Ziemke et al., 2001, 2003;
58Ahn et al., 2003] and takes advantage of the fact that UV-
59measuring instruments, such as TOMS, cannot measure
60ozone lying below dense water vapor clouds. The key
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61 element in determining ozone information from the cloud
62 slicing method is to have simultaneous and collocated
63 measurements of both above-cloud-column ozone and cloud
64 top pressure. In contrast, the CCD method assumes that one
65 can make an accurate estimate of SCO using high reflecting
66 convective clouds (reflectivity R > 0.9) that reach at or near
67 the tropopause level in the tropical Pacific region. The CCD
68 method further assumes that SCO is zonally invariant within
69 the latitude range 15�N to 15�S. With these assumptions,
70 TCO in tropical latitudes can be calculated at any location
71 by differencing low-reflectivity (R < 0.2) gridded total
72 column ozone and high-reflectivity (R > 0.9) SCO from
73 the Pacific region. In general, high reflecting clouds do not
74 often reach tropopause height, and the column ozone above
75 the cloud may vary considerably even when R > 0.9. As a
76 practical solution, SCO is calculated using only the smallest
77 values of above-cloud-column ozone in each 5� � 5� bin.
78 These minimum values are then averaged over the longitude
79 band 120�W to 120�E, which encompasses the eastern and
80 western Pacific.
81 [3] Our study of the CCD method shows that the deter-
82 mination of SCO and TCO from high reflecting convective
83 clouds is not limited to tropical latitudes. Such clouds exist
84 at all latitudes, particularly in the Pacific region. This allows
85 the determination of both SCO and TCO at middle and high
86 latitudes in both hemispheres over the Pacific, which is
87 consistent with similar measurements from Stratospheric
88 Aerosol and Gas Experiment II (SAGE II) [Wang et al.,
89 2002, and references therein]. When combined with
90 solar backscatter ultraviolet (SBUV) measurements, which
91 determine upper stratospheric column ozone (USCO) for 0–
92 32 hPa, the CCD method yields ozone measurements in
93 three broad layers of the atmosphere averaged over the
94 Pacific, extending from the tropics to middle and high
95 latitudes: upper stratosphere (32 hPa and above), lower
96 stratosphere (32 hPa to tropopause), and the troposphere.
97 [4] The purpose of this study is to establish viable long-
98 record reference benchmark data sets of stratospheric and
99 tropospheric ozone in the Pacific region from combined
100 TOMS cloud-slicing and SBUV measurements using re-
101 cently reprocessed data based on the version 8 algorithm
102 (see Ozone Monitoring Instrument (OMI) Algorithm The-
103 oretical Basis Document (ATBD) Web page http://
104 www.knmi.nl/omi/research/documents/index.html. These
105 data, which cover a 25-year period from 1979 to 2003,
106 are used to characterize seasonal cycles and trends in
107 (1) total column ozone, (2) SCO (above tropopause),
108 (3) USCO (above 32 hPa), (4) lower stratosphere column
109 ozone (LSCO) (32 hPa to tropopause), and (5) TCO. This
110 paper is arranged as follows: Section 2 describes satellite
111 ozone measurements. Section 3 describes TOMS and SAGE
112 II SCO comparisons in the tropics. Section 4 describes the
113 extension of TOMS SCO measurements to extratropical
114 latitudes. Section 5 offers TOMS/ozonesonde TCO compar-
115 isons. Section 6 explains seasonal variation of ozone in the
116 different regions of the atmosphere. Section 7 explains
117 ozone trends, and section 8 provides a summary.

118 2. Ozone Measurements

119 [5] The CCD data used in this study are from TOMS
120 version 8 level 2 processing. Details regarding the TOMS

121version 8 processing may be obtained from the OMI ATBD.
122Version 8 includes many modifications from version 7,
123including improved a priori tropospheric ozone, an
124aerosol and sea glint correction, in situ tropospheric
125efficiency correction, and an Earth Probe (EP) offset
126adjustment of around �5 Dobson units (DU) (1 DU =
1272.69 � 1020 molecules m�2) to �7 DU (largest adjustment
128outside the tropics). TOMS TCO and SCO measurements in
129our investigation were gridded to 5� � 5� bins covering all
130longitudes in the low-latitude tropics and the Pacific region
131(120�W to 120�E) lying within latitudes 60�S to 60�N.
132Temporal coverage is monthly and spans January 1979 to
133April 1993 (Nimbus 7 TOMS) and August 1996 to August
1342003 (Earth Probe TOMS). All total column ozone from
135TOMS was derived from essentially clear-sky footprint
136scenes with reflectivity R < 0.2.
137[6] USCO, representing the pressure band from 0 to
13832 hPa (�25 km altitude), was determined from SBUV
139version 8 ozone profiles for 1979–2003. Selected SBUV
140measurements from Nimbus 7 (1979–1988), National
141Oceanic and Atmospheric Administration (NOAA) 11
142(1989–1995), and NOAA 16 (1996–2003) satellites were
143combined to form a 25-year continuous data set. Column
144ozone in the 0- to 32-hPa pressure range represents precise
145measurements from SBUV. (Difficulties arise for ozone
146measurements lying below the ozone number density peak,
147which varies with latitude but is generally below 32 hPa in
148altitude.) The purpose of including SBUV column ozone is
149to derive upper and lower stratospheric column ozone by
150differencing with CCD SCO.
151[7] Version 8 succeeds version 6 for the SBUV algorithm
152(there was no version 7 released for SBUV data). Among
153several improvements from version 6, version 8 includes
154(1) reduced sensitivity to atmospheric temperature, aerosols,
155clouds, and surface reflectivity; (2) improved a priori ozone
156profile climatology, including tropospheric climatology;
157(3) improved modeling of multiple scattering and clouds;
158(4) improved terrain height; and (5) reduced use of longer
159wavelengths to derive ozone profile information (thus
160reducing scattering effects affecting the longer wave-
161lengths). The SBUV version 8 profile algorithm is discussed
162briefly by Bhartia et al. [2004] and on the merged ozone
163Web site (http://hyperion.gsfc.nasa.gov/Data_services/
164merged).
165[8] It is generally recognized that SAGE stratospheric
166ozone data have become a standard long-record reference
167field for comparison with other stratospheric ozone mea-
168surements. We have incorporated SAGE II version 6.2
169measurements of SCO to compare with TOMS CCD and
170SBUV stratospheric ozone. SAGE II version 6.2 ozone
171measurements show generally small changes from version
1726.1 (which is described by Wang et al. [2002]). Ozone data
173from SAGE were gridded to daily 5� � 5� bins and then
174averaged as monthly ensembles. The SAGE data were
175obtained from the NASA Distributed Active Archive
176Center. Ozone profiles for SAGE version 6.2 have several
177advantages over version 6.1, including an improved
178aerosol correction and an oxygen dimer (O2-O2) correction
179at 525-nm and 1020-nm channels (a brief discussion of the
180data may be obtained at http://www-sage2.larc.nasa.gov/
181data/v6_data/). The SAGE measurements in our study
182extend from October 1984 through September 2003, with
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183 June 1991 through 1993 flagged as missing because of
184 effects from the Mount Pinatubo volcanic aerosols. SCO
185 from SAGE ozone profiles entails column integration of
186 ozone mixing ratio in pressure from the top of the atmo-
187 sphere down to the tropopause, which was deduced from
188 National Centers for Environmental Prediction analyses
189 using a 2 K km�1 lapse rate criterion.

190 3. TOMS and SAGE SCO Time Series
191 Comparisons in the Tropics

192 [9] Figure 1 compares monthly SCO from TOMS CCD
193 (solid curves) and SAGE (stars) for six 5� latitude bands
194 extending from 15�S to 15�N (indicated). ‘‘Zonal average’’
195 in Figure 1 refers to zonal averaging over the Pacific for
196 CCD, and for SAGE it means at least 10 profile measure-
197 ments per month in a given 5� latitude band (neither
198 measurement is a true ‘‘zonal mean’’).
199 [10] As seen in Figure 1, both the magnitude and
200 temporal characteristics of TCO derived from CCD and

201SAGE are in excellent agreement even though the two
202measurements are not intercalibrated. SCO from both
203TOMS CCD and SAGE exhibits a dominant annual cycle
204in northern latitudes. TOMS CCD and SAGE also show
205similar interannual variations (�10- to 15-DU changes)
206over the 20-year record shown. In equatorial latitudes
2075�S–5�N (two middle plots), variability in SCO is pri-
208marily a coupling of annual cycle with the QBO. In
209southern latitudes 5�S–15�S (two bottom plots), variability
210in SCO resembles a weak annual cycle coupled with some
211amount of interannual QBO-related changes in the 10�S–
21215�S band and a stronger QBO signal in the 5�S–10�S
213latitude band. An important characteristic in Figure 1 is the
214large reduction in the SCO annual cycle going from
215northern to southern latitudes. This feature in SCO was
216described in an earlier study by Ziemke and Chandra
217[1999] using TOMS version 7 CCD measurements. We
218note that preliminary analysis of Goddard three-dimen-
219sional Global Modeling Initiative SCO (A. Douglass and
220R. S. Stolarski, personal communication, 2004) over a

Figure 1. Comparisons of monthly stratospheric column ozone (SCO) in Dobson units (DU) from
tropospheric column ozone (TOMS) convective cloud differential (CCD) (solid lines) and Stratospheric
Aerosol and Gas Experiment II (SAGE II) (stars) for six 5� latitude bands (indicated) extending from
15�S to 15�N in the (top) Northern Hemisphere, (middle) equatorial latitudes, and (bottom) Southern
Hemisphere. The CCD measurements are Pacific averages (120�W–120�E). SAGE II SCO was
determined by including all measurements available along longitude for calculating a zonal mean.
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221 corresponding long time record shows similar hemispheric
222 differences in annual cycles in tropical latitudes.
223 [11] Statistical comparisons of the two time series are
224 given in Table 1a, which lists their relative bias, RMS
225 difference, and correlation statistic (r). Table 1a also lists
226 the number of data points (N) used in calculating the
227 statistical parameters. We note that Table 1a also shows
228 comparisons between TOMS and SAGE SCO for latitudes
229 beyond ±15� (discussed in section 4). On average, TOMS
230 SCO in the tropics between 15�S and 15�N is �2.8 DU less
231 than SAGE SCO. For the 10�N–15�N latitude band their
232 difference is less than 1 DU. RMS differences for the
233 latitude band 15�S–15�N average around 4–5 DU. Corre-
234 lation values between TOMS and SAGE SCO are largest
235 (>0.9) in the Northern Hemisphere (NH), because of a
236 dominant annual cycle with peak values around August.

237 4. Extension of TOMS SCO Measurements
238 to Extratropical Latitudes

239 [12] As discussed in section 1, high convective clouds
240 reaching tropopause height are essential to the efficacy of
241 CCD SCO and TCO measurements. Results from this study
242 indicate that this condition is not limited to tropical latitudes
243 but persists well outside the tropics to middle and high
244 latitudes in both hemispheres in the Pacific region. Unfor-
245 tunately, it is not possible to determine the cloud top
246 pressure with current TOMS measurements. Therefore the
247 assumption that some of the high reflecting clouds reach the
248 tropopause height can be verified only indirectly, i.e., by
249 comparing the CCD-derived SCO with SAGE SCO for
250 tropical latitudes, as in section 3. However, the assumption

251of zonal invariance in SCO is not valid outside the tropics,
252particularly in winter and spring months. The applicability
253of the CCD method outside the tropics is therefore limited
254to the Pacific region.
255[13] Figure 2 compares zonal variability of SCO in the
256low-latitude tropics (top plot) and NH subtropics (bottom
257plot) using SAGE II data from 1984 to 2003. SCO is
258averaged over the Atlantic and Pacific regions and the
259difference (Atlantic minus Pacific) reflects the zonal vari-
260ability present. It is noted that since SAGE is an occultation
261experiment, monthly SCO zonal differences plotted in
262Figure 2 are derived from only 1 or 2 days of SAGE
263measurements. These differences may therefore be influ-
264enced by episodic tropical waves in the stratosphere, such as
265Kelvin waves, mixed Rossby-gravity waves, normal modes,
266and equatorial Rossby waves. All of these dynamical waves
267may produce planetary-scale and smaller-scale zonal varia-
268tion �3–5 DU in SCO (peak to peak) with periods from
269several days to around 1–2 weeks [Ziemke and Stanford,
2701994].
271[14] The conclusion from Figure 2 is that zonal variability
272of SCO in the low-latitude tropics is acceptably small at a
273few DU for calculating TCO maps from the CCD method,
274whereas it becomes unsuitably large when extending out-
275side the tropics. The indicated time series mean and RMS
276�0–2 DU in low latitudes (Figure 2 top) are both noise
277level. (We attribute ‘‘noise level’’ subjectively as no more
278than 5 DU for both TCO and SCO measurements.) How-
279ever, an RMS of 12.6 DU for 20�N–30�N (Figure 2
280bottom) is not noise level, and further indicates the presence
281of an annual cycle, with the largest Atlantic/Pacific differ-
282ences in winter and spring months.
283[15] Figure 3 compares SCO time series from CCD and
284SAGE outside the tropics at selected latitudes, both in the
285NH (left plots) and Southern Hemisphere (SH) (right plots).
286The comparison is made for the 1984 to 2003 time period
287as in Figure 1. Also, as in Figure 1, ‘‘zonal average’’ in
288Figure 3 for CCD measurements refers to averaging only
289over the Pacific about the dateline from 120�W to 120�E. For
290SAGE it means at least 10 profile measurements per month
291in a given 5� latitude band (neither measurement is a true
292zonal mean). Figure 3 suggests that even outside the tropics,
293CCD SCO evaluated from only the Pacific region simulates
294the annual cycle of SCO inferred from the SAGE data. The
295left plots for the NH suggest that the SCO measurements
296from CCD can be extended to high latitudes (50�N–60�N).
297For the SH (right plots), CCD SCO measurements become
298scarce poleward of �50�S because of a low occurrence rate
299of convective clouds. We note that there may be considerable
300temporal and spatial variability in SCO outside tropical
301latitudes, particularly in winter and spring, caused by
302large-scale planetary waves and baroclinic waves. The
303monthly averaging over the Pacific largely smoothes vari-
304ability in CCD SCO. It is emphasized that measurements of
305SCO from the CCD method are a representation of only the
306broad Pacific region as a function of latitude and month.
307[16] Table 1a summarizes the comparison statistics of
308SCO derived from the SAGE and CCD time series for
30960�S to 60�N. Statistical comparisons also include the
310tropical latitudes shown in Figure 1. Table 1a indicates
311relatively larger offset differences and larger RMS values at
312middle and high latitudes than in the tropics even though the

t1.1 Table 1a. Statistical Measurements of TOMS SCO Minus SAGE

SCO for the Time Series Plotted in Figures 1 and 3a

Latitude N Diff, DU RMS, DU rt1.2

55�N–60�N 89 5.2 22.6 0.90t1.3
50�N–55�N 114 �3.5 22.0 0.84t1.4
45�N–50�N 136 �7.9 23.8 0.79t1.5
40�N–45�N 130 �12.7 21.9 0.83t1.6
35�N–40�N 129 �13.4 19.3 0.81t1.7
30�N–35�N 127 �9.5 13.3 0.84t1.8
25�N–30�N 125 �3.0 8.2 0.90t1.9
20�N–25�N 121 �0.3 7.8 0.89t1.10
15�N–20�N 106 1.3 7.7 0.87t1.11
10�N–15�N 93 �0.6 4.7 0.94t1.12
5�N–10�N 87 �3.3 4.9 0.95t1.13
0�–5�N 91 �2.9 4.4 0.94t1.14
0�–5�S 87 �2.9 4.0 0.95t1.15
5�S–10�S 90 �3.4 4.6 0.85t1.16
10�S–15�S 102 �3.7 5.4 0.78t1.17
15�S–20�S 113 �1.7 5.6 0.77t1.18
20�S–25�S 119 2.1 6.2 0.85t1.19
25�S–30�S 125 4.3 7.5 0.92t1.20
30�S–35�S 128 4.2 9.0 0.93t1.21
35�S–40�S 127 2.7 11.7 0.93t1.22
40�S–45�S 127 1.7 15.9 0.89t1.23
45�S–50�S 123 1.0 19.8 0.83t1.24
50�S–55�S 85 6.3 26.9 0.78t1.25
55�S–60�S 74 8.7 28.1 0.70t1.26

aDefinitions are TOMS, Total Ozone Mapping Spectrometer; SCO,
Stratospheric Column Ozone; SAGE, Stratospheric Aerosol and Gas
Experiment; N, number of collated measurements in each latitude band;
Diff, TOMS SCO minus SAGE SCO mean difference; RMS, calculated
root-mean-square of the difference time series; r, calculated correlation
between the two time series; and DU, Dobson units (1 DU = 0.001 atm cm).t1.27
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Figure 2. (top) Difference of Atlantic (45�W–45�E) minus Pacific (135�W–135�E) SAGE II SCO (in
DU) averaged over latitudes 15�S to 15�N. (bottom) Same as top frame but for the latitude band 20�N to
30�N. Time series averages and RMS amplitudes are indicated. A constraint is that there must be at least
five SAGE II profile measurements per latitude band for each monthly ensemble average.

Figure 3. Time series comparisons (in DU) between SAGE II SCO (stars) and TOMS CCD SCO (solid
curves) outside the tropics at midlatitudes in the (left) Northern Hemisphere and (right) Southern
Hemisphere.
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313 two time series are highly correlated over most of the
314 latitude range. The differences in the extratropics may be
315 a manifestation of differing temporal and spatial data
316 sampling, especially during winter and spring months when
317 SCO variability is driven largely by planetary-scale waves
318 and baroclinic waves. During summer months, SCO exhib-
319 its much less temporal and spatial variability. Table 1b
320 shows a similar comparison between TOMS and SAGE
321 SCO but only for summer months (June–August for the NH
322 and December–February for the SH). Table 1b shows
323 noise-level offset differences (i.e., no more than 5 DU) for
324 all latitudes and RMS differences less than 10 DU out to 45�
325 latitude in both summer hemispheres. Large RMS differ-
326 ences may be due to dynamical forcing of SCO coupled
327 with the low sampling rates of only a few daily measure-
328 ments per month.
329 [17] Filtering SAGE data for Pacific-only averaging tends
330 to increase rather than decrease offset and RMS difference
331 values in Table 1a because of low SAGE sampling rates
332 when only one third of the longitude range is considered.
333 Since clouds are generally lower than the tropopause height,
334 the CCD method will tend to overestimate rather than
335 underestimate SCO. The negative bias in Table 1a at NH
336 midlatitudes is probably due to overestimation of SCO from
337 SAGE. Tropopause height, which is highly variable during
338 winter and spring months in middle and high latitudes [e.g.,
339 Logan et al., 1999], can significantly affect the calculation
340 of SCO from SAGE profile measurements. Tropopause
341 height uncertainties in these months may attribute to some
342 of the offset differences seen in Table 1a.
343 [18] Figure 4 shows time series comparisons of USCO
344 (top curves in each plot) and LSCO (bottom curves) with
345 SAGE for the same latitude bands shown in Figure 3. A
346 constant 200 DU was added to the USCO time series in
347 Figure 4 to separate it from the LSCO series for visual

348comparison. TOMS/SBUV USCO in Figure 4 tends to be
349lower by about 4–5 DU on average, compared to SAGE
350USCO, while RMS differences are �5–6 DU. These
351numbers are persistent for USCO and apply for all latitudes
352from 60�S to 60�N. For LSCO (bottom curves), TOMS/
353SBUV is lower than SAGE by around 7 DU on average
354with RMS differences of �10–20 DU for latitudes 60�S to
35560�N. Tables 2a and 2b summarize statistical comparisons
356for the USCO and LSCO time series, respectively, plotted in
357Figure 4. As in Tables 1a and 1b, comparisons are listed for
358all latitude bands from 60�S to 60�N. Because of large
359seasonal cycles present, correlations between time series of
360either USCO or LSCO vary from around 0.7 to 0.9.
361[19] The comparison of stratospheric ozone time series
362derived from the CCD method with SAGE measurements
363shows that CCD-derived products from TOMS and SBUV
364can be used to supplement SAGE data as a long-record data
365field in the tropics extending to middle and high latitudes
366over the Pacific. Both SCO (including USCO and LSCO)
367and TCO time series have been generated for 1979–2003
368using the CCD method. An analysis of these time series
369involving seasonal cycles and trends is presented in
370sections 6 and 7.

3715. CCD and Ozonesonde TCO Comparisons

372[20] It is interesting to note that while SCO in the tropics
373from the CCD method agrees remarkably well with SAGE
374over the long time record, TCO from the CCD method also
375agrees well with ozonesonde TCO in the tropics. Figure 5a
376shows CCD-derived TCO time series from 1984 to 2003 at
377four tropical locations. These locations correspond to South-
378ern Hemisphere additional ozonesondes (SHADOZ) sites
379where TCO data from ozonesondes overlap with TOMS
380measurements for several years [Thompson et al., 2003].
381Because of the zonal invariance of SCO in the tropics the
382TCO at any location in the tropics can be estimated by
383taking the difference of low-reflectivity (R < 0.2) TOMS
384total column ozone at that location and SCO estimated from
385the high reflecting (R > 0.9) convective clouds in the Pacific
386at a similar latitude. Ozonesonde TCO represents monthly
387ensemble averages, often composed of about four measure-
388ments per month. All of the sites except Natal (5�S, 35�W)
389include additional measurements prior to the official begin-
390ning of the SHADOZ network (January 1998). In Figure 5a,
391Nairobi, near the equator on the east coast of Africa, shows
392small variability in TCO when compared to the Atlantic
393sites of Ascension Island and Natal. Watukosek in the
394western Pacific also has a weak seasonal cycle. It, however,
395shows large increases in TCO during the recent El Niño
396events of 1997–1998 [Chandra et al., 1998, 2002] and
3972002. Table 3 summarizes statistical comparisons between
398TOMS and SHADOZ TCO from Figure 5a. On average,
399TOMS TCO is �1 DU more than SHADOZ TCO, while
400RMS differences are �4–5 DU. Correlations between
401TOMS and SHADOZ TCO time series vary from about
4020.7 to 0.8.
403[21] Unlike the low-latitude tropics, the assumption of
404zonal invariance of SCO cannot be made outside the latitude
405range 15�N and 15�S. Therefore the comparison between
406CCD and ozonesonde TCO measurements outside the
407tropics can only be made in the Pacific region. We have

t2.1 Table 1b. Same as Table 1a but for Summertime Months Onlya

Latitude N Diff, DU RMS, DU rt2.2

55�N–60�N 24 2.9 18.4 0.88t2.3
50�N–55�N 28 2.0 17.8 0.80t2.4
45�N–50�N 23 4.5 20.6 0.78t2.5
40�N–45�N 21 0.8 8.9 0.84t2.6
35�N–40�N 19 1.7 5.0 0.87t2.7
30�N–35�N 19 0.9 2.4 0.94t2.8
25�N–30�N 18 3.4 5.7 0.81t2.9
20�N–25�N 17 5.2 7.1 0.81t2.10
15�N–20�N 16 3.8 6.1 0.45t2.11
10�N–15�N 16 0.4 3.0 0.77t2.12
5�N–10�N 17 �3.5 4.5 0.90t2.13
0�–5�N 22 �2.4 4.1 0.91t2.14
0�–5�S 22 �3.4 4.3 0.96t2.15
5�S–10�S 18 �1.9 3.1 0.92t2.16
10�S–15�S 18 �0.9 2.3 0.93t2.17
15�S–20�S 18 �0.4 3.0 0.90t2.18
20�S–25�S 18 1.8 3.8 0.87t2.19
25�S–30�S 18 3.0 6.1 0.74t2.20
30�S–35�S 19 3.6 6.2 0.81t2.21
35�S–40�S 18 3.6 6.6 0.80t2.22
40�S–45�S 20 0.8 6.8 0.77t2.23
45�S–50�S 25 0.6 11.5 0.70t2.24
50�S–55�S 27 �3.9 16.2 0.52t2.25
55�S–60�S 23 �2.4 17.1 0.62t2.26

aSummertime months are June, July, and August for the Northern
Hemisphere and December, January, and February for the Southern
Hemisphere.t2.27
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Figure 4. Similar to Figure 3 but within each frame is a comparison of upper stratospheric column
ozone (USCO) (top two time series in each plot) and lower stratospheric column ozone (LSCO) (bottom
two time series in each plot): SAGE II time series (stars) and USCO from solar backscatter ultraviolet
(SBUV) and LSCO from TOMS/SBUV (solid curves). A constant of 200 DU was added to all USCO
time series to separate them from LSCO time series for visual comparisons. Column amounts are in DU.
SBUV and SAGE measurements include all available data along longitude (i.e., zonal mean).

t3.1 Table 2a. Same as Table 1a but for USCO From SBUV and

SAGEa

Latitude N Diff, DU RMS, DU rt3.2

55�N–60�N 87 �2.7 3.8 0.88t3.3
50�N–55�N 109 �2.9 4.1 0.83t3.4
45�N–50�N 128 �2.8 3.7 0.91t3.5
40�N–45�N 122 �3.5 4.4 0.92t3.6
35�N–40�N 120 �3.8 4.7 0.94t3.7
30�N–35�N 117 �3.7 4.6 0.95t3.8
25�N–30�N 116 �3.6 4.6 0.95t3.9
20�N–25�N 112 �3.7 4.8 0.93t3.10
15�N–20�N 101 �4.3 5.1 0.93t3.11
10�N–15�N 92 �5.6 6.1 0.91t3.12
5�N–10�N 82 �5.8 6.6 0.79t3.13
0�–5�N 87 �5.2 6.3 0.75t3.14
0�–5�S 83 �5.0 6.2 0.74t3.15
5�S–10�S 86 �4.8 5.6 0.76t3.16
10�S–15�S 98 �4.7 5.4 0.86t3.17
15�S–20�S 107 �4.8 5.6 0.87t3.18
20�S–25�S 111 �4.6 5.5 0.86t3.19
25�S–30�S 118 �4.9 5.8 0.86t3.20
30�S–35�S 117 �5.1 5.9 0.85t3.21
35�S–40�S 117 �5.3 6.1 0.84t3.22
40�S–45�S 116 �4.9 6.0 0.82t3.23
45�S–50�S 122 �4.0 5.3 0.85t3.24
50�S–55�S 103 �4.4 5.6 0.86t3.25
55�S–60�S 83 �4.1 5.7 0.83t3.26

aDefinitions are USCO, upper stratosphere column ozone; and SBUV,
solar backscatter ultraviolet. Diff is SBUV minus SAGE.t3.27

t4.1Table 2b. Same as Table 1a but for LSCO From TOMS/SBUV

and SAGEa

Latitude N Diff, DU RMS, DU r t4.2

55�N–60�N 76 7.6 23.7 0.87 t4.3
50�N–55�N 98 �0.8 22.6 0.81 t4.4
45�N–50�N 117 �5.2 24.2 0.76 t4.5
40�N–45�N 111 �8.2 20.1 0.82 t4.6
35�N–40�N 110 �9.1 16.6 0.81 t4.7
30�N–35�N 108 �5.3 10.7 0.78 t4.8
25�N–30�N 106 0.8 7.9 0.75 t4.9
20�N–25�N 95 3.5 8.5 0.80 t4.10
15�N–20�N 75 5.5 8.6 0.67 t4.11
10�N–15�N 58 4.2 6.1 0.73 t4.12
5�N–10�N 46 1.9 4.0 0.78 t4.13
0�–5�N 52 1.9 3.6 0.79 t4.14
0�–5�S 52 1.4 3.9 0.68 t4.15
5�S–10�S 52 0.0 3.1 0.51 t4.16
10�S–15�S 69 0.2 3.9 0.40 t4.17
15�S–20�S 85 2.8 6.3 0.70 t4.18
20�S–25�S 102 6.9 9.5 0.83 t4.19
25�S–30�S 109 9.5 11.4 0.91 t4.20
30�S–35�S 110 9.8 12.8 0.93 t4.21
35�S–40�S 110 8.9 14.8 0.91 t4.22
40�S–45�S 107 7.8 18.4 0.86 t4.23
45�S–50�S 103 6.2 21.8 0.77 t4.24
50�S–55�S 71 10.4 29.1 0.70 t4.25
55�S–60�S 60 12.3 30.0 0.57 t4.26

aAbbreviations are LSCO, lower stratospheric column ozone; and Diff,
TOMS/SBUV minus SAGE. t4.27
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408 estimated SCO for a few available ozonesonde sites outside
409 low latitudes in the Pacific by averaging CCD SCO mea-
410 surements over a broad region (5� latitude by 25� longitude)
411 centered about each site. This generally provides enough
412 data points to provide an estimation of SCO at a given
413 ozonesonde site.
414 [22] Figure 5b compares TCO between CCD and
415 ozonesondes at four Pacific stations lying outside the

416low-latitude tropics. Figure 5b also shows TCO seasonal
417cycles determined from the TOMS and SAGE residual
418method [Fishman et al., 1990, 1992; Fishman and
419Brackett, 1997]. SAGE SCO was averaged for the same
4205� latitude by 25� longitude region centered around each
421site as for the CCD SCO. SAGE TCO seasonal cycles in
422Figure 5b were determined using data from 1984–2003,
423while CCD used 1979–2003. For ozonesondes the years

Figure 5a. Time series comparisons of tropospheric column ozone (TCO) (in DU) between CCD (solid
curves) and ozonesonde (stars) at four Southern Hemisphere additional ozonesondes (SHADOZ) sites:
(top left) Nairobi (1�S, 37�E); (top right) Natal (5�S, 35�W); (bottom left) Ascension Island (8�S, 14�W);
and (bottom right) Watukosek (8�S, 113�E).

Figure 5b. Time series comparisons of TCO (in DU) between CCD (stars), ozonesonde (squares), and
TOMS/SAGE (triangles) at four Pacific sites: (top left) Kagoshima (32�N, 131�E); (top right) Naha
(26�N, 128�E); (bottom left) Hilo (20�N, 155�W); and (bottom right) Laverton (38�S, 145�E).
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424 included were 1979–2000. The largest annual mean
425 offset difference in TCO between CCD and ozonesondes
426 is 5 DU for Kagoshima (with CCD larger); for TOMS/
427 SAGE and ozonesondes it is 4 DU for Naha (with
428 TOMS/SAGE larger).
429 [23] The mean seasonal cycle pattern agrees reasonably
430 well at each station site in Figure 5b. Laverton in the SH
431 indicates a weak seasonal cycle, while the Japanese stations
432 and also Hilo, all NH sites, show a distinct seasonal pattern
433 with the largest TCO around late spring (�April–May).
434 This late spring maximum agrees with the ozonesonde
435 profile seasonal cycles shown by Naja and Akimoto
436 [2004, Figure 2] for Kagoshima and Naha.

437 6. Seasonal Variation in Total Column Ozone,
438 SCO, LSCO, USCO, and TCO

439 [24] Figure 6 (bottom) depicts seasonal variability of
440 CCD SCO and total column ozone for the Pacific region

441based on all available data from 1979–2003. Because
442most ozone lies in the stratosphere, stratospheric column
443ozone and total column ozone exhibit similar seasonal
444cycles and latitudinal variability. The largest column
445amounts in either hemisphere occur during winter–spring
446months and coincide with a lowering of the tropopause.
447The seasonal characteristics of total column and strato-
448spheric column ozone are discussed extensively in the
449literature and are similar to those given in Figure 6 [e.g.,
450World Meteorological Organization (WMO), 1990, and
451references therein; Stratospheric Processes and Their Role
452in Climate (SPARC), 1998, and references therein; Fortuin
453and Kelder, 1998, and references therein]. The climato-
454logical features of total and stratospheric column ozone in
455the Pacific region are similar to those inferred from the
456zonally averaged climatology inferred from earlier ver-
457sions of TOMS and SAGE data (see, e.g., Figure 3.48 of
458SPARC [1998], which is based on data from TOMS total
459ozone (version 7 for 1979–1994) and SAGE I/II (version
4605.96 for 1979–1996)).
461[25] Figure 7 shows seasonal variability in USCO (top)
462and LSCO (bottom) in the tropics. USCO shows weaker
463seasonality and weaker latitude dependence compared to
464LSCO. USCO in tropical latitudes is largest (�170 DU)
465compared to LSCO (�70 DU). In the extratropics the
466largest ozone amounts (�200–250 DU) occur in winter–
467spring months in the lower stratosphere. Latitudinal gra-
468dients in column ozone are opposite in sign between USCO
469and LSCO. Ozone is seen to decrease with latitude in both
470hemispheres for the upper stratosphere, while it increases

Figure 6. (top) Seasonal cycles in CCD SCO and (bottom) total column ozone derived from standard
climatology calculation (all similar months averaged together). Ozone columns (in DU) are averaged over
the eastern and western Pacific (120�W to 120�E).

t5.1 Table 3. Statistical Measurements of TOMS/SHADOZ (Similar to

Tables 1 and 2) for the Time Series Plotted in Figure 5aa

Station N Diff, DU RMS, DU rt5.2

Nairobi 71 �1.7 3.7 0.65t5.3
Natal 55 0.0 3.9 0.83t5.4
Watukosek 73 2.0 5.0 0.79t5.5
Ascension 70 �1.2 5.5 0.67t5.6

aDefinitions are SHADOZ, Southern Hemisphere additional ozone-
sondes; TCO, tropospheric column ozone; and Diff, TOMS minus
SHADOZ.t5.7
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471 with latitude for the lower stratosphere. Latitudinal gra-
472 dients are �3–4 times larger for LSCO. Despite the differ-
473 ences in latitudinal gradients, USCO and LSCO in both
474 hemispheres exhibit the largest amounts in winter–spring
475 months.
476 [26] An important result from this study is the evaluation
477 and characterization of Pacific TCO. Figure 8 shows sea-
478 sonal variability in TCO. TCO is smallest in low latitudes
479 (�15–20 DU) and largest in NH midlatitudes (�45–
480 50 DU). TCO in the NH midlatitudes is significantly larger
481 on average than in the SH. TCO in the extratropical SH is
482 around 25–30 DU, which is about 60% the column amount
483 in the NH. TCO in the NH is largest around April in the

484tropics and subtropics and largest in May–June in midlat-
485itudes. TCO in the SH is largest around September–October
486over much of the latitude range.

4877. Ozone Trends

488[27] Our understanding of long-term changes in strato-
489spheric ozone is based on the analysis of satellite data such
490as Nimbus 7 TOMS and SBUV, EP TOMS, SAGE, and
491SBUV/2 instruments on NOAA satellites. These data have
492been updated several times because of the changes in
493retrieval algorithms. As a result, a large number of papers
494have been published in the literature relating to ozone trends

Figure 7. Similar to Figure 6 but with (top) USCO and (bottom) LSCO shown.

Figure 8. Similar to Figure 7 but for TOMS TCO.
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495 in the stratosphere using different versions as discussed in
496 several international reports on scientific assessment of
497 ozone depletion [e.g., WMO, 2003, and references therein;
498 SPARC, 1998]. Specific studies, to name a few, include
499 Chandra and Stolarski [1991], Stolarski et al. [1991], Hood
500 et al. [1993], Randel and Cobb [1994], Chandra et al.
501 [1995], Hollandsworth et al. [1995], Jackman et al. [1996],
502 Solomon et al. [1996], Miller et al. [1996], McPeters et al.
503 [1996], Ziemke et al. [1997], Cunnold et al. [2000], Li et al.
504 [2002], Weatherhead et al. [2000], Reinsel et al. [2002], and
505 Newchurch et al. [2003].
506 [28] In this section we describe ozone trends in the
507 different regions of the atmosphere in the Pacific region
508 using TOMS and SBUV measurements. These trends
509 were determined using a statistical regression model [e.g.,
510 Stolarski et al., 1991; Randel and Cobb, 1994; Ziemke et
511 al., 1997]:

W tð Þ ¼ A tð Þ þ B tð Þt þ C tð ÞQBO tð Þ þ D tð ÞSolar tð Þ þ R tð Þ: ð1Þ

513 In (1), t is the month index (1–300 for 1979–2003), W(t) is
514 column ozone, A(t) is the seasonal cycle coefficient, B(t) is
515 the seasonal trend coefficient, C(t) is the seasonal QBO
516 coefficient, D(t) is the seasonal solar cycle coefficient, and
517 R(t) is the residual error time series for the regression model.
518 Seasonal coefficients A(t)�D(t) in (1) are all 12-month

519(modular) seasonal cycle derivations. A(t) involves seven
520fixed constants, and B(t)�D(t) involve five constants. (A(t) =
521a(0) +

P3
j¼1 [a(j)cos (2pjt/12) + b(j) sin (2pjt/12)], where a

522and b are constants, with a similar form for coefficients
523B(t)�D(t).) The trend coefficient B(t) in (1) includes an
524additional 1% decade�1 multi-instrument uncertainty in all
525measurements for the 1979–2003 time period. The largest
526interannual correlations between Singapore (1�N, 140�E)
527winds and all five column amounts listed above were either
528at 30 hPa or 40 hPa; for consistency, QBO(t) in (1) for all
529sources of W(t) was taken as 30 hPa Singapore monthly
530zonal winds. Solar(t) in (1) was taken as 10.7 cm solar flux
531(F10.7) monthly mean time series. Phase lags were not
532applied to either QBO(t) or Solar(t).
533[29] The regression model (1) was implemented individ-
534ually for each of the five column ozone quantities listed in
535section 1. All column ozone data in (1) represent zonal
536averages of Pacific measurements about the dateline from
537120�W to 120�E. Because of insufficient numbers of CCD
538measurements poleward of 50�S and 60�N for deriving
539seasonal coefficients, all analyses using (1) were applied
540to the latitude range 50�S to 60�N. The trend model (1) was
541also applied to TCO with an additional southern oscillation
542index El Niño proxy term, which was found to have no
543significant impact in altering the derived seasonal cycles
544and trends.

Figure 9a. Seasonal trends in (top) CCD SCO and (bottom) total column ozone derived from trend
model (1). Ozone columns are averaged over the east-west Pacific, and trend units are in % decade�1.
Shaded regions depict trends that are not different from zero at the 2s statistical level.
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545 7.1. Seasonal Trends in Total Column Ozone,
546 SCO, LSCO, and USCO

547 [30] Our investigation of ozone trends begins with SCO
548 and total column ozone for 1979–2003. In Figure 9a,
549 seasonal trends (% decade�1) are compared between SCO
550 (top plot) and TOMS total column ozone (bottom plot). For
551 the 50�S–60�N latitude range the largest decreases in total
552 column ozone occur in the NH around 40�N–50�N in
553 winter and spring months with trend values in the range
554 of 4–5% decade�1. In the SH the largest decreases in
555 column ozone are around 40�S–50�S in June–July (south-
556 ern winter) with trend values comparable to those in the
557 NH. The seasonal trends in SCO are similar to those in
558 column ozone. However, the SCO trends in the extratropics
559 of both hemispheres are �1% decade�1 more negative than
560 trends in total column ozone, suggesting possible increases
561 in TCO. The seasonal characteristics of column ozone
562 trends in Figure 9a are similar to those first reported by
563 Stolarski et al. [1991] based on TOMS version 6 column
564 ozone data from 1979 to 1991. Their trend values were
565 about 2–3% more negative than the values shown in
566 Figure 9a.
567 [31] USCO and LSCO trends (% decade�1) are shown in
568 Figure 9b. Because LSCO and USCO amounts in the
569 extratropics are comparable (e.g., Figure 7), Figure 9b
570 suggests a significantly larger depletion of ozone in the
571 lower stratosphere outside the tropics than in the upper
572 stratosphere. The seasonal variability in LSCO trends is

573consistent with the ozonesonde results of Logan et al.
574[1999], which indicated that most of the seasonal variability
575of trends in extratropical SCO is credited to the lowermost
576part of the stratosphere between around 250 and 90 hPa
577(i.e., around 10 to 17 km). Figure 9b also indicates that the
578midlatitude minimum in total column ozone trends at
579around 40�N–50�N in winter–spring months is a feature
580generated primarily by ozone depletion in the lower strato-
581sphere below 30 hPa. This feature is most likely of
582dynamical origin as discussed in a number of papers [e.g.,
583Chandra et al., 1996; Ziemke et al., 1997; Hood et al.,
5841997].

5857.2. Comparison of Pacific Trends
586and Zonal Mean Trends

587[32] The ozone trends in Figures 9a and 9b were derived
588from data in the Pacific region. They are not substantially
589different from the zonal mean trends as shown in Figure 10.
590The seasonally varying trends and trend uncertainties shown
591in Figure 9a are plotted in Figure 10 as annual mean values
592as a function of latitude. The trends are in physical units
593of DU decade�1 instead of % decade�1. Also shown in
594Figure 10 are zonal mean trends (i.e., all longitudes
595included in the zonal average) in total column ozone. It is
596seen that the trends in total column ozone derived from the
597Pacific region are nearly identical with zonal mean trends,
598differing at most by 1 DU decade�1 over the entire latitude
599range. This suggests that Pacific-averaged total ozone

Figure 9b. Similar to Figure 9a but for (top) SBUV USCO and (bottom) TOMS/SBUV LSCO.
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600 simulates the trends in zonal mean total ozone. As SCO
601 makes up most of total column ozone, Pacific-averaged
602 SCO from the CCD method (dotted curve in Figure 10) may
603 then have trend features similar to true zonal mean SCO.
604 [33] As in Figure 9a, SCO trends in Figure 10 are more
605 negative than total ozone trends at midlatitudes. These
606 differences imply a positive trend in TCO in midlatitudes
607 (discussed in section 7.3). We note that the EP TOMS
608 version 8 data spanning 2001–2003 exhibit a potential
609 instrument/algorithm artifact, which appears to affect mostly
610 ozone measurements at high latitudes (R. D. McPeters and
611 G. J. Labow, personal communication, 2004). To investigate
612 this possible artifact and its impact on trends, we repeated
613 our trend analyses for the 1979–2000 period. The removal
614 of the 2001–2003 data had no substantial impact on the
615 long-term trend results in Figures 9 and 10.

616 7.3. Annual Mean Trends in USCO, LSCO, and TCO

617 [34] Annual mean trends in USCO and LSCO for the
618 1979–2003 period are shown in Figure 11. The USCO
619 trends are generally small (��1 to �3 DU decade�1) over
620 all latitudes between 50�S and 60�N. In contrast, LSCO
621 trends change rapidly from around �1 to �3 DU decade�1

622 at low latitudes to about �10 to �12 DU decade�1 at
623 middle-to-high latitudes. It is interesting to note that most
624 ozone loss in the extratropics since 1979 has occurred in
625 LSCO with �3–4 times greater ozone loss than in USCO.
626 [35] The possibility of positive trends in TCO in the
627 extratropics was indicated by Figures 9a and 10. Previous
628 trend studies involving extratropical TCO have been limited
629 to tropospheric ozone measurements from ozonesondes.
630 The nature of TCO trends derived from ozonesonde mea-
631 surements from 1980 to 2000 is that of high variability from
632 station to station [e.g., Tarasick et al., 1995; Oltmans et al.,
633 1998; Logan et al., 1999] and is discussed in the WMO
634 [2003] report. The results from the WMO analyses indicated

635statistically insignificant trends for most stations and zero
636trend when averaged over all midlatitude stations. In con-
637trast, TCO for 1979–2003 in Figure 12 shows trends
638varying from zero in the tropics to about +2 to +3 DU
639decade�1 in the midlatitudes of both hemispheres. The 2–
6403 DU decade�1 positive trends in Figure 12 correspond to
641around 5–8 DU increases in TCO over the 25-year record.
642A recent study by Naja and Akimoto [2004] indicates
643substantial increases in TCO over Japan ozonesonde sites
644in the Pacific for the 1970–2002 time record (e.g., their
645Figure 2). Their study corroborates the positive trend results
646in Figure 12 for the NH Pacific midlatitudes.
647[36] The nearly zero trend in the tropics is a characteristic
648of all longitudes (not shown) and is consistent with the
649earlier estimates of trends in this region derived from TOMS
650version 7 data for 1979 to 1992 [Chandra et al., 1999;
651Thompson and Hudson, 1999]. It is in disagreement with
652the recent results of Lelieveld et al. [2004], which indicated
653a significant increase in near-surface ozone in the tropics.
654Their results were based on shipborne ozone measurements
655over the Atlantic Ocean from 1977 to 2002. Lelieveld et al.
656[2004, p. 1485] have attributed the disagreement with the
657TOMS measurements to ‘‘limited sensitivity of the TOMS
658measurements for lower tropospheric ozone, interference by
659clouds and aerosols, instrument discontinuities, and the
660difficulty of determining the location of the tropopause.’’
661[37] The TCO trends shown in Figure 12 are based on a
662much larger database than previous studies, including
663Lelieveld et al. [2004]. Some of the issues raised by
664Lelieveld et al. [2004] have been addressed in the version
6658 algorithm. It is noted that the CCD method does not
666depend on the determination of either cloud height or
667tropopause height information to estimate TCO and that
668the efficiency correction for detecting ozone in the tropo-
669sphere has been incorporated for characterizing the latitu-
670dinal and seasonal variability in TCO. The excellent
671agreement between CCD and ozonesonde TCO at Watuko-
672sek (Figure 5a) during this period suggests that the sensi-
673tivity of TOMS measurements in the lower troposphere is

Figure 10. Annually averaged values of Pacific mean total
column ozone trends (dashed line) and SCO trends (dotted
curve) with trend ±2s uncertainties from Figure 9a. Also
shown are trends for zonal mean total ozone (solid curve).
Trends are plotted in DU decade�1 rather than % decade�1,
as shown in Figure 9a. Time record for calculations is
1979–2003.

Figure 11. Annual mean trends and ±2s trend uncertain-
ties (vertical bars) for USCO (solid curve) and LSCO
(dotted curve). Time period for trend analyses is January
1979 to December 2003. Values are in DU decade�1.
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674 not affected seriously. The efficiency correction, however,
675 does not account for interannual and long-term changes in
676 boundary layer ozone. TCO derived from TOMS measure-
677 ments may therefore not reflect such changes in boundary
678 layer ozone. However, Lelieveld et al. [2004] have sug-
679 gested that their observed trend in surface ozone is not a
680 localized phenomenon since ozone and other trace constit-
681 uents are efficiently transferred from the boundary layer to
682 the middle and upper troposphere by deep convection. Our
683 analysis of TCO trends in the tropics does not indicate a
684 significant increase.
685

8. Summary

687 [38] By combining the newly processed TOMS CCD and
688 SBUV version 8 data from 1979 to 2003, we have charac-
689 terized the seasonal cycle, latitude dependence, and long-
690 term trends in ozone in three broad layers of the atmosphere
691 over the Pacific (averaged over 120�W–120�E): upper
692 stratosphere (32 hPa and above), lower stratosphere (32
693 hPa to tropopause), and troposphere. The analyses show
694 that seasonal variability and meridional gradients of upper
695 stratospheric column ozone (USCO) are weak in all latitude
696 ranges compared to lower stratospheric column ozone
697 (LSCO). Meridional gradients are �3–4 times larger for
698 those in LSCO and are opposite in sign compared to USCO,
699 where USCO is seen to decrease with latitude in both
700 hemispheres.
701 [39] Our study has examined ozone trends for 1979–
702 2003 in the upper and lower atmosphere over the Pacific
703 from combined TOMS and SBUV measurements. Over this
704 25-year record most ozone depletion has occurred in the
705 lower stratosphere below �25 km altitude. In middle and
706 high latitudes the ozone losses are �3–4 times larger in the
707 lower stratosphere compared to the upper stratosphere, even
708 though average column amounts are comparable in the two
709 layers.
710 [40] Our trend analyses for 1979–2003 also indicate
711 moderate increases in TCO of about 5–8 DU in the
712 midlatitudes of both hemispheres. With an increase in

713industrial pollution over the last 25 years it is plausible to
714anticipate such an increase in tropospheric ozone as indi-
715cated in several studies [e.g., Lelieveld and Dentener, 2000;
716Hauglustaine and Brasseur, 2001]. However, it is also
717possible that the increase in TCO in midlatitudes may be
718of dynamical origin, caused by long-term increases in
719stratosphere-troposphere exchange. Comparison of model
720results with satellite measurements of TCO suggest that
721both stratosphere-troposphere exchange and NOx emissions
722associated with industrial pollution play important roles in
723controlling the distribution of tropospheric ozone in mid-
724latitudes [Chandra et al., 2004]. We note that the detected
725increase in Pacific-averaged TCO in the NH midlatitudes is
726supported in a recent study showing substantial increases in
727TCO for Japan ozonesonde stations for the 1970–2002
728period.
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